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Abstract 
Nanoceria (CeO2 nanoparticle) possesses a number of enzyme-like activities. In particular, it 
scavenges reactive oxygen species (ROS) leading in vitro and in vivo anti-oxidation studies. An 
important aspect of fundamental physical understanding is its interaction with lipid membranes, 
the man component of the cell membrane. In this work, adsorption of nanoceria onto 
phosphocholine (PC) liposomes was performed. PC lipids are the main constituent of the cell 
outer membrane. Using fluorescence quenching assay, nanoceria adsorption isotherm was 
determined at various pH’s and ionic strengths. A non-Langmuir isotherm occurred at pH 4.0 
due to lateral electrostatic repulsion among adsorbed cationic nanoceria. The phosphate group in 
the PC lipid is mainly responsible for the interaction, and adsorbed nanoceria can be displaced by 
free inorganic phosphate. The tendency of the system to form large aggregates is a function of 
pH and the concentration of nanoceria, attributable to nanoceria being positively charged at pH 4 
and neural at physiological pH. Calcein leakage test indicates that nanoceria induces liposome 
leakage due to transient lipid phase transition, and cryo-TEM indicates that the overall shape of 
the liposome is retained although deformation is still observed. This study provides fundamental 






CeO2 nanoparticles (NP) or nanoceria are an important material as catalysts, gas sensors, UV 
filters, and solid oxide fuel cells.1 Its unique properties are attributed to the surface Ce3+ ions, 
providing a redox couple with Ce4+.2, 3 The Ce3+ sites are accompanied by oxygen vacancies near 
the surface. Therefore, small CeO2 NPs of several nanometers possess enhanced activities due to 
a large surface-to-volume ratio.4-6  
With high biocompatibility, nanoceria is also an attractive material for various biological 
applications.2, 4 For example, it was reported that nanoceria can scavenge reactive oxygen species 
(ROS) in living systems with superoxide dismutase and catalase-like activities.2, 7-9 In a few cases, 
nanoceria protected cells from oxidative stress induced by ROS or radiation.10-14 It was also 
reported that nanoceria protects normal cells but not cancer cells.15 On the other hand, CeO2 
nanorods with a high aspect ratio had pro-inflammatory effects.16 In vivo studies revealed that 
nanoceria fights against inflammation, ischemic stroke and radiation-induced damages.11, 17 With 
so many biological applications, however, few studies touched upon its interaction with 
biological molecules,18 especially biomembranes.10, 16 
 To enter cells, nanoceria has to first cross the cell membrane. Therefore, it is important to 
study its interaction with membranes.19-21 The main components of the cell membrane are lipids 
with phosphocholine (PC) lipids being the most abundant on the outer membrane of eukaryotic 
cells. The interactions of PC membranes with various nanomaterials have been studied,21-26 in 
particular, with various oxides.27-30 A primary example is the spontaneous fusion of PC 
liposomes onto silica forming supported bilayers using van der Waals force.31-33 In contrast, PC 
liposomes adsorb onto TiO2 NPs via a stronger force, likely bonding with the lipid phosphate 
group.27-29, 34, 35 Most of the metal oxide NPs studied so far have a size of several tens of 
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nanometer or larger. Compared to them, an interesting feature of nanoceria is its small size, 
which may exert a different behavior. For example, very small silica NPs behave completely 
different when mixed with PC liposomes compared to the larger ones.36 While larger nanoceria 
can also be made, small particles (below 10 nm) are required for catalytic activity and 
biomedical relevance.4-6 In this work, we explore the interaction between nanoceria of ~5 nm and 
PC liposomes in terms of adsorption, stability, and membrane integrity.  
Materials and Methods 
Chemicals. All the phospholipids were purchased from Avanti Polar Lipids (Alabaster, AL). 
CeO2 dispersion (catalog number: 289744, 20 % dispersed in 2.5 % acetic acid), disodium 
calcein, and Triton X-100 were from Sigma Aldrich. 4-(2-hydroxyetyl)-1-
piperazineethanesulfonic acid (HEPES), acetate, phosphate and sodium chloride were from 
Mandel Scientific (Guelph, ON, Canada). Milli-Q water was used to prepared all the buffers and 
suspensions.  
Preparation of liposomes. Liposomes were prepared using the standard extrusion method 
through a 100 nm membrane as described previously.27 DOPC (1,2-dioleoyl-sn-glycero-3-
phosphocholine) and DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) with a total mass of 
2.5 mg were respectively dissolved in chloroform. For Rh (rhodamine)-labeled liposome, 1% 
Rh-PE (2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissaminerhodamine B sulfonyl) 
(ammonium salt) was included. After evaporating chloroform, the dried lipid films were stored at 
-20 °C under a N2 atmosphere prior to use. To prepare liposomes, the lipid films were hydrated 
with 0.5 mL buffer (10 mM HEPES, 100 mM NaCl, pH 7.6) to reach a lipid concentration of 5 
mg mL-1. For DPPC liposome, the lipids films were hydrated at 60 °C for 2 h and were extruded 
at 60 °C. To encapsulate calcein, the lipid films were hydrated with 100 mM calcein overnight 
 5 
followed by extrusion for 21 times. Free calcein was removed by passing 35 μL of the samples 
through a PD-10 column using 25 mM HEPES for elution. The first 600 μL of the fluorescent 
fraction was collected.  
-potential and dynamic light scattering (DLS). The -potential of CeO2 NPs (100 µg mL
-1) 
was measured at various pH’s in water on a Malvern Zetasizer NanoZS90 with a He-Ne laser 
(633 nm) at 90° collecting optics. HCl and NaOH were used to adjust pH. The size was 
measured with CeO2 (1 mg mL
-1, in 25 mM acetate buffer, pH 4) and with DOPC liposomes 
(100 μg mL-1 in 25 mM HEPES buffer, pH 7.6).  
Liposome adsorption studied by fluorescence quenching. A CeO2 suspension was gradually 
titrated into the Rh-liposome (50 μg mL-1, 1 mL) in buffer (25 mM acetate, pH 4, or 25 mM 
acetate with 150 mM NaCl, or 25 mM HEPES, pH 7.6). CeO2 stock solutions (1 or 10 mg mL
-1) 
were used for this titration. The fluorescence spectra were recorded using a Varian Eclipse 
fluorometer (Ex: 560 nm; Em: 592 nm).  
Phosphate inhibition studies. CeO2 NPs (10 mg mL
-1) were first incubated in phosphate buffer 
(100 mM) for 30 min to cap the surface with phosphate. Then, 5 or 10 μL above mixture was 
added to Rh-labeled liposomes (25 μg mL-1, 1 mL) and the fluorescence was measured. To study 
displacement, to 1 mL Rh-labeled liposome (25 μg mL-1), CeO2 NPs were added. Afterwards, 20 
μL phosphate buffer (500 mM, pH 7.6 or pH 4) was added and the fluorescence was measured. 
Complex stability test. To a Rh-labeled liposome (50 μg mL-1, 200 μL) in buffer (25 mM 
acetate, pH 4 or 25 mM HEPES, pH 7.6), a small amount of CeO2 was added to reach a final 
concentration of 1, 2, 5, 10, 25, 50, 100, or 200 μg mL-1. After 30 min incubation, the mixture 
was centrifuged at 10,000 rpm for 10 min to collect the supernatant. The supernatant was diluted 
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10 times and its fluorescence was measured. To re-disperse the DOPC/CeO2, the complex was 
prepared in HEPES buffer (25 mM, pH 7.6) as above and centrifuged at 10,000 rpm for 10 min. 
The pellets were collected and re-dispersed in 200 μL acetate buffer (50 mM, pH 4). After 
sonication, the suspension was again centrifuged, the supernatant was collected and diluted 10 
times for fluorescence measurement. In another case, the complexes were prepared in acetate 
buffer (25 mM, pH 4). After 30 min incubation, 150 mM NaCl was added to destabilize the 
DOPC/CeO2 complexes. After centrifugation at 10,000 rpm for 10 min, the pellets were 
collected and re-dispersed in 200 μL HEPES (50 mM, pH 7.6) by sonication. These sample were 
again centrifuged at 10,000 rpm for 10 min, the supernatant was collected and diluted 10 times 
for fluorescence measurement.  
Liposome leakage studies. To monitor CeO2 NP induced liposome leakage, 3 μL of the above 
purified calcein-loaded liposomes were added to 597 μL HEPES buffer (25 mM, pH 7.6) in a 
quartz cuvette at room temperature. The background fluorescence was monitored for 5 min 
before adding various amount of CeO2 NPs (e.g. 10 or 20 μL of 1 mg mL
-1 CeO2, or 5 μL of 10 
mg mL-1 CeO2). The fluorescence was monitored for another 20 min followed by adding 20 μL 
phosphate buffer (500 mM, pH 7.6). At 25 min, 10 μL of 5% Triton X-100 was added. Calcein 
was excited at 485 nm, and the emission was monitored at 525 nm.  
Transmission electron microscopy (TEM) and Cryo-TEM. TEM measurements were 
performed on a Philips CM10 transmission electron microscope. A 10 μL CeO2 solution was 
spotted on a 230 mesh holy carbon copper grid and extra solution on the grid was removed by 
filter paper. The sample was dried in air before measurement. Cryo-TEM sample was prepared 
by mixing DOPC liposomes (50 μg mL-1) and CeO2 (50 μg mL
-1) in acetate buffer (25 mM, pH 
4). A 5 μL sample was spotted on a plasma treated carbon coated copper TEM grid. The gird was 
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blotted with two pieces of filter paper for 2 sec and quickly plunged into liquid ethane. The 
sample was then loaded to a liquid N2 cooled cold stage imaged with a 200 kV field emission 
TEM (FEI Tecnai G2 F20) at -175 °C.  
Differential scanning calorimetry (DSC). To measure the phase transition temperature (Tc), 
DPPC liposomes (100 μg mL-1) and DPPC/CeO2 (mass ratio of 1:1 and 1:5) were used. The 
samples were degassed prior to injection into the DSC sample cell, while the reference cell was 
filled with the corresponding buffer. Each sample was scanned from 25 to 65 °C with a rate of 
1 °C min-1 using a VP-DSC instrument (MicroCal). Six scans were carried out for each sample 
and the fifth scan was plotted.  
 
Results and Discussion 
Characterization of nanoceria and liposomes. DLS characterization based on scattering 
intensity shows our CeO2 NPs have an average hydrodynamic size of 20 nm, while the number-
based size distribution is centered at ~5 nm (Figure 1a).  It is known that light scattering strongly 
favors larger particles, and our data suggest that this nanoceria sample is slightly aggregated. 
Although many previous work prepared nanoceria capped by various ligands and polymers to 
facilitate dispersion,14, 37, 38we are interested in understanding the native surface property. As a 
result, our nanoceria did not have a strong capping ligand, explaining the moderate aggregation. 
A TEM micrograph shows the size of individual nanoceria is below 5 nm and some aggregates 
can be also observed (Figure 1a inset), which is consistent with the DLS data. Its crystallinity 
was confirmed by high-resolution TEM (HRTEM) (Figure 1b). Such small particles were used to 
ensure high catalytic activity.4-6 
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Next, we studied the surface charge of nanoceria with a careful pH titration. At pH lower 
than 7, nanoceria is positively charged, while the surface becomes negative at higher pH (Figure 
1c). Therefore, at physiological pH, nanoceria is nearly charge neutral, which may affect its 
colloidal stability due to a lack of charge stabilization. 
 
Figure 1. (a) DLS spectra of CeO2 NPs dispersed in 25 mM acetate (pH 4) with both number 
and scattering intensity based distribution. Inset: a TEM micrograph of the sample (scale bar: 
100 nm). (b) A HRTEM micrograph of CeO2 NPs showing its crystalline structure (scale bar: 10 
nm). (c) -potential of CeO2 NPs as a function of pH. (d) The structures of DOPC and DPPC 
lipids, and their phase transition temperature (Tc) values are labeled. (e) -potential of DOPC 
liposomes in 25 mM acetate (pH 4) and HEPES (pH 7.6) buffers. (f) DLS spectrum of the DOPC 
liposomes in 25 mM HEPES (pH 7.6). 
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 The structure of a DOPC lipid is shown in Figure 1d. Its headgroup contains a negatively 
charged phosphate and a positively charged choline. Therefore, this zwitterionic PC lipid is 
overall charge neutral, which is confirmed by -potential measurement (Figure 1e). The neutral 
charge avoids electrostatic interactions with nanoceria. Based on our previous studies, the lipid 
phosphate group is likely to be important for interaction with nanoceria.27-30 Our liposomes were 
prepared using the standard extrusion method through 100 nm pores, which is consistent with the 
DLS measurement of ~120 nm (Figure 1f). 
Nanoceria is adsorbed by DOPC liposomes. To study their interaction, we first measured 
nanoceria adsorption by DOPC liposomes containing 1% rhodamine (Rh) label. To this liposome 
sample, we gradually titrated CeO2 NPs at pH 4 and pH 7.6, respectively. We chose these two 
pH values since the catalytic activity of CeO2 is the highest at pH 4,
39 while pH 7.6 is the 
physiological condition.  
 The fluorescence spectra of the Rh-labeled DOPC liposomes at different nanoceria 
concentrations are shown in Figure 2a, and an overall trend of fluorescence decrease is observed. 
We measured the UV-Vis spectra of our nanoceria and its mixture with DOPC liposome at pH 4 
(Figure S1a), where no light scattering feature was observed. In addition, no light absorption was 
observed beyond 400 nm. Therefore, the drop of fluorescence cannot be explained by light 
scattering or the inner-filter effect. Nanoceria is a strong quencher for many adsorbed 
fluorophores.40 Without light scattering, we attribute the fluorescence drop here to the adsorption 
of nanoceria by the liposome, directly quenching the associated Rh fluorophore.  
The amount of quenching was quantified by plotting the relative fluorescence change 
(F/F0) at each CeO2 concentration. At pH 4, the fluorescence initially dropped quickly. 
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With >20 µg mL-1 of CeO2, however, little further quenching was observed (Figure 2b, green 
trace). Even with 500 µg mL-1 of CeO2, quenching only reached ~30%. Therefore, the surface of 
DOPC liposomes was not fully occupied by CeO2 at pH 4. CeO2 NPs are positively charged at 
pH 4 (Figure 1C). The initially adsorbed CeO2 may electrostatically repel further incoming NPs. 
To confirm this hypothesis, we then repeated the measurement in the presence of 150 mM NaCl 
to screen charge interactions (no NaCl was included in the previous experiment). In this case, we 
indeed observed stronger quenching reaching 50% (Figure 2b, red trace). This indicates that 
more CeO2 NPs were adsorbed by screening the charge repulsion. The incomplete quenching can 
be explained by that only around 50% of the Rh-labels were on the outer leaflet of the bilayer, 
while the labels in the inner leaflet were not quenched by CeO2. This also suggests that CeO2 
although small in size, did not penetrate through the bilayer membrane. 
 
Figure 2. (a) Fluorescence spectra of the Rh-labeled DOPC liposomes at different CeO2 
concentrations dispersed in 25 mM acetate, pH 4. (b) Adsorption isotherms of CeO2 NPs onto 50 
μg mL-1 Rh-labeled DOPC liposomes at pH 4 without NaCl (green), with 150 mM NaCl (red), 
and at pH 7.6 without NaCl (blue).  
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 The pH 4 plots in Figure 2b are essentially adsorption isotherms. For quantitative analysis, 
we fitted the data. At pH 4 without NaCl, a simple Langmuir isotherm failed to account for the 
data. The cationic CeO2 NPs repel each other at pH 4, which conflicts with a basic assumption of 
Langmuir isotherm that adsorbed molecules do not interact. Thus, we fitted the data with the 
Freundlich isotherm y=0.1478x0.13 (Figure 2b green trace), which takes into consideration lateral 
repulsion. On the other hand, adsorption at pH 4 with 150 mM NaCl was nicely fitted using the 
Langmuir isotherm model, because lateral electrostatic interactions were screened. Based on this 
fitting, a dissociation constant (Kd) of 12.4 μg mL
-1 CeO2 and a final quenching of 52% at full 
surface coverage are obtained. 
 On the other hand, at pH 7.6, the initial stage of quenching was milder, but the final 
quencher reached >50% (Figure 2b, blue trace). The UV-Vis spectra of both CeO2 and its 
mixture with DOPC liposome showed a quite obvious light scattering effect due to aggregation 
of the involved particles (Figure S1b). As such, not all the decreased fluorescence is attributable 
to direct fluorescence quenching since light scattering can also contribute. Forming large 
aggregates is quite common in liposome/NP systems.41-43 This complication made it difficult for 
quantitative data fitting, and the higher fluorescence drop beyond 50% at high CeO2 
concentrations might be a pure result of light scattering as the surface might have already been 
saturated. It is interesting to note that at pH 7.6, an initial high quenching efficiency was 
observed. At low CeO2 concentrations, the light scattering effect is small, and this initial 
quenching is then supportive of CeO2 adsorption. No fitting of this data set was performed due to 
the light scattering effect.  
Lipid phosphate based adsorption. Since cerium is a hard metal that has a strong affinity to 
phosphate,40, 44, 45 we propose that the phosphate group in the lipid might be playing a critical 
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role. To test this, we added free inorganic phosphate ions to the CeO2 NPs prior to mixing them 
with DOPC (Figure 3a). In this case, free phosphate inhibited nanoceria adsorption at both pH 4 
and 7.6. This supports the affinity between nanoceria and phosphate. Since adding phosphate has 
also increased the ionic strength of the solution, we also did a control experiment with 10-fold 
more NaCl added (Figure S2). In this case, efficient adsorption still occurred, confirming the 
specific role of phosphate. To further test this mechanism, we mixed DOPC and CeO2 first, 
followed by adding phosphate to see if phosphate can displace CeO2 (Figure 3b). Fluorescence 
was recovered at both pH’s, indicating that the displacement reaction indeed occurred, also 
supporting CeO2 interacting with phosphate group in the PC lipid. 
 
 
Figure 3. (a) Phosphate inhibited CeO2 adsorption on the Rh-labeled DOPC liposomes (25 µg 
mL-1) at pH 4 and pH 7.6. (b) Phosphate (10 mM) induced the CeO2 desorption at pH 4 and pH 
7.6.   
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Aggregation and re-stabilization of the adsorption complex. After confirming the adsorption 
of nanoceria by the liposomes, we next studied the further aggregation of this system. Since 
nanoceria may bridge a few liposomes, the system might grow into large aggregates. In this 
experiment, Rh-labeled liposomes were incubated with various concentrations of CeO2. Then the 
mixture was centrifuged at 10,000 rpm for 10 min and the supernatant fluorescence intensity was 
measured. Free liposomes cannot be precipitated at this condition (Figure S3), allowing us to 
distinguish between well-dispersed liposomes and extensively aggregated structures. At pH 4, 
the supernatant fluorescence gradually decreased with increasing CeO2 (Figure 4a, pink bars). 
The lowest fluorescence was achieved at a CeO2 NPs concentration of 10 µg mL
-1. Under this 
condition, the precipitated liposome reached the maximal value. As the concentration of CeO2 
NPs was further increased, fluorescence started to increase again in the supernatant, suggesting 
liposome re-stabilization by CeO2 NPs. This may be attributed to that at CeO2 concentration 
lower than 10 µg mL-1, the nanoparticles could bridge the liposomes to form aggregates with 
decreased stability. With more CeO2 added, the bridging phenomenon was disrupted, and the 
whole liposome surface become positive charged due to the adsorption of CeO2 NPs. Both 
contribute to the re-stabilization. At pH 7.6, however, no such re-stabilization was observed 
(Figure 4a, blue bars) since CeO2 NPs are charge neutral at this pH, and there is no driving force 
for the bridges to be disrupted. 
 We also quantitatively measured the size and -potential change when adding various 
amount of nanoceria to DOPC liposomes at pH 4 (Figure 4d-f). The size initially increased with 
the CeO2 concentration up to 25 μg mL
-1, while further increase of CeO2 has made the size 
smaller (Figure 4d). It is interesting to note that the largest size was still below 200 nm, 
suggesting that this system did not aggregate extensively at pH 4. With more than 100 μg mL-1 
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of CeO2, another peak just above 10 nm was observed, attributable to the free CeO2 NPs (Figure 
4e). The -potential gradually increases with increasing CeO2 concentration and reaches a 
plateau at 25 μg mL-1 (Figure 4f). This suggests that beyond this moment, all the measured 
surfaces were CeO2, either as free NPs or adsorbed on the liposome.  
 
Figure 4. (a) Fluorescence of the supernatant after mixing CeO2 and Rh-DOPC at pH 4 and pH 
7.6 and then centrifugation. A finally increased fluorescence at pH 4 suggests re-stabilization of 
this system. (b) The complex prepared at pH 7.6 and re-dispersed at pH 4 failed to show re-
stabilization. (c) The complex prepared at pH 4 and re-dispersed at pH 7.6. (d) Averaged 
hydrodynamic size of DOPC/CeO2 complexes as a function of CeO2 concentration at pH 4. (e) 
DLS spectra of DOPC/CeO2 complexes with different CeO2 amount at pH 4. (f) -potential of 
DOPC/CeO2 complexes as a function of CeO2 concentration at pH 4. 
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  In addition, when CeO2 and DOPC were first mixed at pH 7.6 and then re-dispersed at 
pH 4, much less supernatant fluorescence was observed compared to those prepared at pH 4 
directly (Figure 4b). This suggests that the majority of complexes formed at pH 7.6 were stably 
crosslinked by CeO2 NPs. In comparison, when the CeO2/DOPC complexes were prepared at pH 
4 and re-dispersed at pH 7.6, no fluorescence was observed in the supernatant (Figure 4c). This 
indicates that the complexes were readily aggregated at pH 7.6, attributable to the lack of charge 
on the CeO2 NPs at this pH. 
 Based on the above understanding, we proposed an interaction model. At pH 4, both the 
DOPC liposome and CeO2 NPs are well dispersed in solution. At low CeO2 concentrations, CeO2 
NPs moderately crosslink the liposomes, resulting in a small aggregates (<200 nm) that can be 
precipitate by centrifugation. With further increasing CeO2 NPs, each liposome surface is 
densely covered by CeO2 and the crosslinkers are disrupted, leading to re-stabilization (Scheme 
1a). At pH 7.6, CeO2 aggregation happened even in the absence of DOPC. Upon mixing, 
immediate crosslinking is formed by aggregated CeO2 NPs and they remained aggregate even by 
adjusting the pH to 4 (Scheme 1b). 
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Scheme 1. Schematic illustration of adsorption of DOPC and CeO2 at (a) pH 4 and (b) pH 7.6. 
At pH 4, there is a re-dispersion of the system by adding more CeO2 NPs due to charge repulsion. 
At pH 7.6, CeO2 NPs are nearly charge neutral, and are readily aggregated. The aggregates can 
further bridge liposomes to form even larger aggregates.  
 
Nanoceria induces liposome leakage. A key question regarding nanoparticle/membrane 
interaction is membrane integrity, which can be probed by a leakage assay. In this work, ~100 
mM calcein was encapsulated in each DOPC liposome and most of the free calcein molecules 
outside the liposome were removed. With such a high calcein concentration, its fluorescence is 
self-quenched. If the lipid membrane is disrupted, calcein is released into the whole solution 
yielding fluorescence enhancement. After mixing calcein-loaded liposomes with nanoceria, we 
observed an immediate fluorescence quenching, suggesting that nanoceria adsorbed the free 
calcein molecules outside the liposome (note that some free calcein still exists in our system). 
Adding Triton X-100 to fully rupture the membrane however still failed to induce fluorescence 
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enhancement and further quenching was observed (Figure 5a), which is also attributable to 
calcein adsorption by nanoceria. To confirm this, we added nanoceria to a free calcein solution 
and indeed we observed efficient fluorescence quenching (Figure 5b). Therefore, direct 
monitoring of fluorescence cannot be used here.  
 From our above studies, we know that nanoceria has a strong affinity to phosphate. We 
reason that phosphate might displace calcein from the nanoceria surface as schematically shown 
in Figure 5c. To confirm this, we added phosphate to the above control sample and indeed 
observed fluorescence increase (Figure 5b). With this in mind, we next added various 
concentrations of nanoceria to calcein-loaded DOPC liposomes at 5 min (Figure 5d). All the 
samples showed fluorescence quenching to the background level. At 25 min, we added 
phosphate and observed a strong fluorescence enhancement. With more CeO2 added, higher 
fluorescence was observed after phosphate addition, and the recovered level was higher than the 
original level (e.g. fluorescence before 5 min). This indicates the liposome leaked upon addition 
of CeO2 and the leaking process is CeO2 concentration dependent. Further adding Triton-X100 
fully ruptured liposomes and released all the encapsulated calcein.   
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Figure 5. (a) Calcein-loaded DOPC leakage test by adding CeO2 NPs. Triton X-100 was added 
to fully disrupt the liposomes. The quenching of fluorescence is due to calcein adsorption by 
CeO2. (b) Phosphate displacement of free calcein adsorbed on CeO2 NPs. (c) Schematic 
illustration of calcein fluorescence recovery by adding phosphate. (d) Leakage tests of calcein-
loaded DOPC liposome by adding CeO2 at 5 min. At 25 min, phosphate was added, and at 30 
min, Triton X-100 was added. 
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Cryo-TEM characterization. This is the first time that we observed DOPC liposome leakage 
when mixed with a non-silica and non-cationic oxide.46 At pH 7.6, CeO2 is near charge neutral 
(slightly negatively charged), and thus the leakage is unlikely due to membrane damage by 
cationic nanomaterials.46, 47 From the surface chemistry standpoint, CeO2 is more similar to TiO2 
in terms of containing a hard Lewis acid metal favoring strong phosphate interaction, which is 
demonstrated in this work. Therefore, we want to understand whether this is due to fully ruptured 
liposomes or local membrane damages. For this purpose, TEM was used. Using the normal TEM, 
we observed that the distribution of CeO2 (Figure 6a) is quite different from that in the absence 
and presence of liposome (inset of Figure 1a). While we can see the CeO2 NPs distributed 
around a liposome shaped contour, we cannot resolve the liposomes. Using cryo-TEM, we 
indeed observed CeO2 adsorption and the liposome structure was still largely maintained, 
although deformation of liposomes from perfect spherical structure was also observed (Figure 
6b).  
 As such, the leakage must be due to local interaction between CeO2 and the liposomes. 
As a further control, we tested calcein-loaded DPPC liposomes, and CeO2 NPs failed to leak 
them (Figure 6c). DPPC and DOPC have the same headgroup chemistry, and the only difference 
is that DPPC is in the gel phase at room temperature with a phase transition temperature (Tc) of 
41 C. On the other hand, DOPC has a Tc of -20 C and is fluid at room temperature. Therefore, 
leakage of DOPC liposomes is likely to relate to the Tc.  
 One possibility is that the adsorption is very strong, and it can raise the Tc of the lipid at 
the spot of adsorption.22 We observed such a phenomenon with gold nanoparticles.43, 48 In that 
case, we attributed it to the strong van der Waals force between gold and liposome. Here, the 
CeO2 NPs were brought very close to the liposome surface by the lipid phosphate interaction. If 
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this hypothesis is true, CeO2 NPs should increase the Tc of liposomes. Therefore, we used DSC 
to measure the DPPC liposomes (Figure 6d). Free DPPC has a Tc of 41 °C as expected. After 
adding a 1:1 mass ratio of CeO2 NPs, its Tc shifted to 42.5 °C. Further increase the CeO2 
concentration by 5-fold raised the Tc to 43.2 °C with a significant peak broadening. We reason 
that at the spot of adsorption, the DOPC lipids underwent a fluid-to-gel phase transition, and 
calcein can leak during this transition period. Once adsorbed, the liposome becomes stable again. 
22, 43, 48, 49 The DPPC liposome is already in the gel phase, and thus adding nanoceria would not 




Figure 6. TEM image (a) and Cryo-TEM (b) of DOPC liposome mixed with CeO2 NPs (scale 
bars = 100 nm). (c) Calcein leakage tests of DPPC liposomes with CeO2 added at 5 min, 
phosphate added at 25 min and Triton X-100 added at 30 min. The buffer was 25 mM HEPES 
(pH 7.6). The final fluorescence after adding phosphate was lower than the initial fluorescence 
regardless of CeO2 concentration, suggesting no leakage occurred. (d) DCS traces of DPPC 
liposomes as a function of CeO2 concentration. The ratio refers to the mass concentration of 
DPPC and CeO2. 
 
 While this is a model study performed in a reduced physical system, it still has interesting 
biological implications. For example, nanoceria alone cannot enter the membrane and it has to be 
internalized by cells by active transportation, likely via endocytosis.10, 16 In the acidic endosome 
and lysosome, the surface charge of nanoceria changes from neutral to positive, and this is likely 
to have an influence on its membrane interactions. Nanoceria can strongly bind to the phosphate 
group in lipids and this is likely to be true for all the phospholipids. Such interaction can even 
change the lipid phase transition temperature and induce a transient membrane leakage.   
 
Conclusions 
In summary, the interaction between PC liposomes and CeO2 NPs were systematically studied 
using a suite of techniques. We are interested in nanoceria due to its anti-oxidation activity 
widely tested in many cellular and animal studies in recent years. Two types of liposomes: 
DOPC and DPPC were included in this study. They have the same headgroup chemistry but 
different Tc. The fluorescence quenching experiments indicated that CeO2 NPs are adsorbed by 
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DOPC at both pH 4 and pH 7.6. The interaction between the phosphate in the lipid headgroup 
and CeO2 is mainly responsible for the adsorption. At pH 4, CeO2 NPs are positively charged, 
while at pH 7.6, they are nearly charge neutral. Such electrostatic factors showed a strong 
influence on the observed adsorption isotherms. When CeO2 is positively charged, the complexes 
can be re-stabilized with relatively higher amount of CeO2 NPs. CeO2 could induce the leakage 
of DOPC. This is the first time that we observed that DOPC liposome leaked by a non-cationic 
metal oxide, and the leakage was attributed the CeO2 adsorption induced local fluid-to-gel phase 
transition. This work provides fundamental understandings of the interaction between lipid 
bilayers and CeO2 NPs at the molecular level, which may offer insights into CeO2 interaction 
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